To assess the incidence and long-term evolution of left-to-right atrial shunting (AS) after the performance of percutaneous mitral valvuloplasty (PMV), venovenous indicator dilution curves and right heart oximetric measurements were obtained in 68 consecutive patients before and after successful PMV. The procedure increased the mitral valve area (p<0.0001) and decreased the mitral gradient (p<0.0001). No AS was detected before PMV, but it was detected immediately after PMV. Oximetry identified AS in 17 patients (25%), and dilution curves identified AS in an additional 25 (total, 62%). The ratio of mean pulmonary to systemic blood flow (Qp/Qs) was 1.31±0.2, and in six patients (9%), the ratio was 1.5 or greater. Among nine clinical, 20 hemodynamic, and six procedural variables, stepwise logistic regression analysis selected the following as independent predictors of AS: smaller increases in valve area (p =0.01) after PMV, absence of previous surgical commissurotomy (p=0.02), mitral valve calcification (p=0.02), and smaller left atria (p=0.06). Among the 33 patients recatheterized at 6 months, oximetry had detected AS in 10, and dilution curves detected AS in an additional nine (total, 58%) immediately after PMV. At 6 months, AS had decreased or disappeared in 14 of these patients (74%), had increased in three (16%), and was unchanged in two (10%). Overall, at 6 months, oximetry identified AS in three patients, and dilution curves identified AS in an additional 13 (total, 48%). AS was detected at 6 months in only three patients but was not detected immediately after PMV. Although AS is very frequent immediately after PMV, Qp/Qs is usually less than 1.5. The appearance of shunting correlates with patient characteristics and with less improvement in valve area after PMV. Atrial shunting usually persists at 6 months, but its severity almost always decreases. (Circulation 1990;81:1190-1197 P ercutaneous mitral valvuloplasty (PMV) is being increasingly used as an alternative to surgery for the treatment of mitral valve stenosis.1-6 Commissural splitting and fracture of calcified areas appears to be the mechanism that produces an increase in orifice area.4,78 PMV may result in mitral valve areas similar to those achieved after surgical commissurotomy.9'10 Recent studies suggest that the marked symptomatic improvement and the increase in mitral valve area persist at follow-up."1-'4
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The transvenous technique of PMV requires a transseptal approach to the left atrium followed by dilation of the interatrial septum to facilitate the passage of valvuloplasty balloon catheters.1,4-6 Incidences between 10% and 25% of residual leftto-right atrial shunts have been detected by oximetry, which was used to detect atrial shunting.6"13,15-17
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However, this method lacks sensitivity. [18] [19] [20] In addition, the long-term evolution of atrial shunts after PMV remains completely unknown. Therefore, this prospective study was undertaken to determine the incidence and long-term evolution of left-to-right atrial shunting in a consecutive series of patients who underwent successful PMV. Informed consent was obtained from all patients, and the study was approved by the ethics committee of our institution. M-mode and two-dimensional echocardiography was performed the day before and between 24 and 48 hours after PMV. Left atrial diameter measured from M-mode echocardiograms21 was 52±9 mm before PMV. Morphological characteristics of the mitral apparatus were evaluated before PMV according to the gradation of Abascal et al. 22 Mitral regurgitation was evaluated by contrast angiography in all but two patients. The degree of regurgitation was graded in order of increasing severity from 0 to 4+. 23 The results of these studies are included in Table 1 .
Cardiac Catheterization and PMV
Before PMV, right and left heart pressures, blood oxygen saturations, and indicator dilution curves were obtained. Cardiac output was determined by the Fick and indicator dilution methods. Oxygen consumption was measured directly with a metabolic rate meter (Waters Instruments, Harrow, UK).24 Left atrial transseptal catheterization was performed with a standard Brockenbrough needle in an 8F Mullins transseptal long sheath and dilator (USCI, Billerica, Massachusetts). Correct needle position in the left atrium was confirmed by pressure measurement. The sheath and dilator were then advanced, and the needle was removed. After achieving left atrial access, 4,000 units heparin was given intrave-nously, and left ventriculography in the 30°right anterior oblique projection was performed. Mitral valve area was calculated with the Gorlin formula25 from the simultaneous left atrial and left ventricular pressure recordings with systemic cardiac output obtained by the Fick method when a left-to-right shunt was present.
After the pre-PMV measurements were obtained, the dilator was removed, and a 7F balloon-tipped end-hole catheter was advanced from the sheath to the left ventricle. The long sheath was then advanced to the left ventricle, and the 7F balloon catheter was removed. Two 0.038-in., 260-cm long Teflon-coated exchange guide wires were inserted through the sheath to the left ventricle. After sheath removal, a 7F angioplasty catheter (Cook, Bloomington, Indiana) with an 8-mm balloon (15 patients) or 6-mm balloon (53 patients) was passed over a guide wire to the level of the interatrial septum. The septum was dilated by inflating the balloon two or three times. After removal of this catheter, a 9F balloon dilation catheter (Mansfield Scientific, Mansfield, Massachusetts) was advanced across the septum, through the left atrium, and positioned across the mitral valve. Two or three inflations by hand were performed. A second balloon catheter was inserted by the other guide wire and positioned across the mitral valve. Simultaneous inflations (8-10 seconds) were performed by hand with the two balloons until the indentation in the balloons caused by the mitral stenosis disappeared.
A single balloon was used in two patients, two balloons over two guide wires in 49, and two balloons in a single shaft (Bifoil, Schneider) with one exchange guide wire in 17 patients. The most frequent balloon combinations were 19 and 19 mm (20 patients), 18 and 20 mm (13 patients), 18 and 15 mm (12 patients), and 18 and 18 mm (eight patients). The mean number of inflations was 4+2, and the mean total duration of inflations was 37±41 seconds.
Immediately after PMV, the balloon catheters were removed, and hemodynamic measurements were repeated. Left ventriculography in the right anterior oblique projection was repeated to evaluate the severity of mitral regurgitation.
Shunt Detection and Measurement
Left-to-right shunting through the atrial septum was determined from the oximetric method and indicator dilution curves. At the beginning of the oximetric procedure, a 3-ml blood sample was obtained from high and low positions on the superior vena cava, high inferior vena cava, main pulmonary artery, and aorta. Two indicator dilution curves were constructed from data obtained by injection of indocyanine green into the main pulmonary artery with sampling in the aorta, and by injection into the main pulmonary artery with sampling in the right ventricle. Immediately after PMV, repeat oximetric measurements and indicator dilution curves were obtained. If PMV, it was stopped 5 minutes before hemodynamic measurements, and blood samples were obtained. Left-to-right atrial shunting was defined by oximetry as a 1.5 or greater volume percent increase in oxygen content (equivalent to >7% increase in oxygen saturation) in the pulmonary artery compared with that in mixed venous blood. The indicator dilution curve after PMV defined atrial shunting as the early appearance of indicator in the right ventricle after injection in the main pulmonary artery compared with the appearance of indicator on the curve before PMV (Figure 1 ).18-20 The magnitude of the left-to-right atrial shunt was calculated by oximetry and expressed as the ratio of pulmonary to systemic blood flow (Qp/Qs). When left-to-right shunting occurred, systemic blood flow was obtained according to the Fick principle19: (3 SVC 02 + 1 IVC O2)/4, where SVC is superior and IVC is inferior vena cava. When left-to-right atrial shunting was detected by indicator dilution curves, but Qp/Qs could not be measured by oximetry, atrial shunting was arbitrarily defined as 1.1:1.
Recatheterization at 6 months after PMV was planned in all patients as part of a prospective protocol and was accomplished in 33 patients. The hemodynamic characteristics before and after PMV and the clinical features of these patients did not differ from those in patients who did not undergo restudy. Hemodynamic measurements, including left atrial pressure, oximetry, and indicator dilution curves, were repeated.
Statistical Analysis
Continuous variables, expressed as mean + SD, were compared with a nonpaired or paired Student's t test when appropriate. The Newman-Keuls test was used for multiple comparisons. Categorical variables were compared with the x2 test with the Yates correction when appropriate. Multivariate analysis was performed with a stepwise logistic regression model (BMDP Statistical Software, Los Angeles, California). Ap value less than 0.05 was considered significant.
Results

Hemodynamic Changes Produced by PMV
Mean mitral valve area increased from 1+0.3 to 2.2±0.9 cm2 (p<0.0001), and mitral valve gradient decreased from 16±+5 to 6±3 mm Hg (p<0.0001). Mean left atrial pressure fell from 26±6 to 13±6 mm Hg (p<0.0001), and mean pulmonary artery pressure decreased from 38± 14 to 26± 10 mm Hg (p<0.0001) with no significant change in cardiac output. Mitral regurgitation appeared or worsened by 1 + in 17 patients, by 2+ in three, decreased by 1 + in two, and was unchanged in the remaining patients. Attial Shunting After PMV No atrial shunting was detected before PMV. Venous dilution curves identified left-to-right atrial shunts after PMV in 42 patients (62%). The mean Qp/Qs was 1.31±0.2. The oximetric method detected atrial shunting in 17 of these patients (25%). Shunts detected by oximetry were always identified by dilution curves. The Qp/Qs was 1.1 in 15 patients, was 1.2 in five, was 1.3 in nine, and was 1.4 in seven. A Qp/Qs of 1.5 or more was detected in six patients (1.5, 1.5, 1.6, 1.7, 1.8, and 1.9); the mean was 1.7±0.2.
To analyze potential factors related to the development of atrial shunting, we compared nine clinical,
,-4 20 hemodynamic, and six procedural variables between the 42 patients with and the 26 patients without atrial shunting after PMV. As shown in Table  2 , mitral valve calcification at fluoroscopy (p=0.02), previous surgical commissurotomy (p=0.04), and echocardiographic left atrial diameter (p=0.04) were the clinical differences between the two groups. Among the hemodynamic variables, the mitral valve gradient decrease after PMV was slightly more in patients without shunting (p=0.04), their mitral valve gradient before PMV was slightly higher (p=0.05), and their improvement in mitral valve area after PMV was more: 1.3±0.9 vs. 0.9±0.6 cm2 (p=0.04). Variables related to the procedure, team experience, septal dilation balloon diameter, length and surface of mitral dilation balloon, and number and duration of inflations, were not significantly different between the two groups.
Multivariate analysis retained four variables related to the appearance of atrial shunting: a smaller increase in mitral valve area (p=0.01), absence of previous surgical commissurotomy (p=0.02), valvular calcification (p=0.02), and smaller left atrial diameter (p=0.06). Follow-up At 6±3 months after PMV, 60 of the 68 patients (89%) had improved by at least one functional class compared with patients before PMV. Thirty-three patients were recatheterized 6±1 months after PMV. In Table 3 , their hemodynamic variables are compared before, immediately after, and 6 months after PMV. Mean left atrial pressure was slightly but significantly higher at 6 months compared with that immediately after PMV; however, it was still much lower than before PMV. Similarly, mitral valve area was significantly less at 6 months compared with that immediately after PMV but remained much larger than before PMV. A loss of more than 50% of the gain in valve area achieved with PMV and a decrease in valve area to less than 1.5 cm2 were observed in eight patients (24%).
The incidence and long-term evolution of atrial shunts in the 33 patients restudied at 6 months is shown in Figure 2 . Immediately after PMV, 19 (58%) had left-to-right atrial shunts detected by dilution curves, and 10 of these 19 had shunts also detected by oximetry; mean Qp/Qs was 1.33±0.2. Six months later, atrial shunting had disappeared in six patients and persisted in 13. In three patients, shunts not detected immediately after PMV were detected at 6 months by dilution curves. Mean Qp/Qs in the 16 patients with atrial shunts at 6 months was 1.21±0.2. Atrial shunts with a Qp/Qs greater than 1.3 were detected in 12 patients (36%) immediately after PMV but were detected in only five patients (15%) at 6 months. Oximetry detected shunts in only three patients (9%) at 6 months. No correlation was seen between the persistence or disappearance of the shunt and long-term treatment with anticoagulants.
Hemodynamic variables in the 14 patients with a long-term shunt decrease were compared with those in the eight patients with no change or a shunt increase (Table 4 ). Mitral valve area decreased and mitral gradient increased during the 6 months after PMV in patients with no change or a shunt increase but not in patients with a shunt decrease. Left atrial pressure increased in both groups.
In the 16 patients with persistence of atrial shunting at 6 months, mean pulmonary artery pressure did not increase; it was 39+ 11 mm Hg before PMV, 26± 11 mm Hg immediately after PMV (p<0.001), and 25±6 mm Hg at 6 months after PMV.
Discussion
Left-to-right atrial shunts appeared after PMV in 62% of the patients in this study. This is higher than the 10-25% rate reported in the literature. 6,13'15-17 This difference is a consequence of the technique used for shunt detection in our study. The oximetric method used in other studies lacks sensitivity18-20 and does not consistently detect left-to-right shunts of less than 15-20% of the pulmonary blood flow.'1819
The venovenous indicator dilution technique used in our study is the most sensitive and reliable method for detecting and localizing left-to-right shunts.18'20 Shunt diagnosis is most accurate when an arterial and a venous dilution curve are recorded simultaneously. 18 As suggested by Criley and French,26 we used indicator dilution techniques for left-to-right atrial shunt detection and oximetry for shunt quantification.
Oximetry detected atrial shunts after PMV in 17 of our patients (25%), which is similar to the rate reported by McKay et al13 (25%), Come et al'6 (24%), and Palacios and Blockl7 (19%), all of whom used oximetry for the diagnosis of atrial shunts. In only six of our patients was the Qp/Qs ratio 1.5:1 or more, and in none was it 2: 1 or more, in part because only one septostomy was performed in our patients. Fields and Isner, 27 in an in vitro study, reported that atrial shunt size after mitral valvuloplasty is minimized by the use of a single septostomy compared with the use of two separate atrial septostomies.
Multivariate analysis identified the magnitude of increase in mitral valve area as the strongest predictor of the development of atrial shunting after PMV: A suboptimal result increased the probability of an atrial shunt. Left-to-right shunts at the atrial level alter left atrial pressure and compliance. This change can affect the accuracy of mitral valve area determinations after PMV.16 However, in this study, no correlation was found between shunt severity and the increase in mitral valve area, suggesting that atrial shunting may not influence the assessment of mitral valve area after PMV. Mitral regurgitation may also produce inaccuracies in mitral valve area calculations. This is unlikely to have been a significant problem in our study: No patient before PMV, and only two patients after, had more than 2+ mitral regurgitation. Previous surgical commissurotomy and larger left atria were associated with fewer atrial shunts. Patients with calcified valves had more atrial shunts. Palacios and Block17 found a correlation between mitral valve calcification and atrial shunting detected by oximetry after PMV. Mitral valve calcification has also been associated with suboptimal result of PMV.7, 28 These observations do not readily explain why atrial shunting occurs in some patients, but not others, after PMV. Catheter manipulation to place the balloon across the mitral valve is often more difficult in patients with calcified valves and higher echocardiographic scores in whom worse results are more likely; this could in part explain the association. Other factors could account for atrial shunting, for example, the movement of the shaft and the inflated balloon toward the septum in a small left atrium at the end of the PMV, the site of septal puncture (membranous portion of the foramen ovale or muscular portion), and the size and configuration of the deflated balloon at the time of withdrawal.
Follow-up Studies
In patients recatheterized at 6 months, mitral valve area was less than that immediately after PMV, and eight patients (24%) had lost 50% or more of the gain of the procedure with a decrease in valve area to less than 1.5 cm2. A long-term decrease of mitral valve area has been observed during echocardiographic follow-up after PMV. [29] [30] [31] Atrial shunting was detected in the 48% of the patients in this study at 6 months. O'Shea et a132 reported evidence of persistent left-to-right atrial shunts in 10 of 42 patients evaluated by Doppler echocardiography a mean of 8 months after PMV. The association of atrial septal defect with mitral stenosis increases the left-to-right shunt33; nevertheless, 6 months after PMV, shunt magnitude has decreased in 74% of the patients and was unchanged in another 10%. Disappearance of shunts after PMV has also been reported by others. 17 Our data suggest that patients who have no change or an increase in their shunt size during follow-up are more likely to have partial restenosis. An increase in left atrial compared with right atrial pressure due to a decreasing mitral valve area would explain this association. However, our study does not provide data to confirm this link. Theoretically, a large, clinically relevant left-to-right atrial shunt could develop in a patient with severe restenosis. Noninvasive techniques such as Doppler color-flow imaging34 can be used to assess shunt evolution at regular intervals during long-term follow-up.
In conclusion, left-to-right atrial shunting is very frequent immediately after PMV. However, the size of the shunt is usually small, with ratios of pulmonary to systemic blood flow less than 1.5. Although atrial shunts persist at follow-up in a large number of patients, their severity shows a long-term decrease.
